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(54) Processing particulate material' 

* (57) Different particfe types; are 
removed from Wiqyfd as jtflows 

^c^pe^^^ ^\e^ f In each : 

■ v^J? a S9B!S standing wave wjiich,rrjoves - 

perpepcJiculariyitp the wave fronts and' 
■ tj carries parttcles ; tow^rds certain 
jregions, diff^rent,frequencies in the 
respective chambers attracting different 
particles. In Fig. 1 diluted blood is 
treated in chamber 103, where red 
copuscles are pushed to the right-hand 
end, and the liquid then passes to 
chamber 115 where bacteria are urged 
against impervious window 120, where 
they may be observed through 
magnifying system 124. The process 
may be operated continuously or batch- 
wise. In Fig. 2 (not shown) the waves 
are propagated at right angles to the 
liquid flow, upwards in chambers 
where a thermal gradient prevents the 
liquid flow from disturbing the 
separated particles. 
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Fig. 1 

The drawings originally filed were informal and the print here reproduced is taken from a later filed 
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SPECIFICATION 65 
Processing Particulat Material 

The present invention relates to the manipulation 
of particulate matter in a fluid medium. In a 
particular field of application, it relates to the 70 
processing of body fluids, for example for 
diagnostic analysis or routine health care purposes, 
but it can be utilised in other fields. ; u 

The successful diagnosis of many diseases often 
requires the confident detection of small 75 
populations of micro-organisms present in the body 
fluids of the patient For example, such detection 
may require finding and identifying quite small 
populations of bacteria, such as i 0* cells per ml of E 
co// present in patholpgicaS urine also com 80 
mucrf other partlcul^ 
further example is ^ 
extremely small Hum 

biood. The only practical method presently available ' c 

20 for adhieying this is that bf culturing th£ bipod. 85 
: Minute populations of patHojogicai micro- 
organisms in blood may bfc highly 'significant in 
diagnosis, but attempts to detect these small 
numbers of bacteria' by culture techniques ar^ 

25 frequently ineffective and often are very prolonged, 90 
and this at a time When.the information is rt^ 
the Ward in hours, ^ rather than days. 

In typical current medical jsracrtfce, five blood 
cultures are set up at intervals during a period of 2 

30 ; days and ail samples are cultured both aerobically ! 95 
and anaerobically for many days. Many blood 
pathogensarefastidiousbacteria which can be 
grown 'only .under special conditions and then only 
with difficulty. Delay and high 'cost kirjk inevitable in 

3^ jprocurm^ 1Q0' 
' ">ojjte. ;There is a fcieaVri^^ that will 

enable minute populations of micrq-brgah isms 
present In body fluids,to be ^ 
detected rapidiy and easiiy from relatively small 

40; quantities of such body fluids. ^ 105 
Tl^e use of a standing wave generated by an 
ultrasonic f^ 

chromatography of bipod samples isknown from 
G.B^ 2 059 796A. The tecnni^ 
45 a number of serioiis limitations, hjbwever. One 1 10 

particular difficulty is that it ret|uires theinjection of 
a particulate sample into a gas stream and the 
control of the separation rate in the carrier gas flow 
along a chromatographic column while maintaining 
50 the particles suspended therein, so as to introduce a 115 
Spatial separation between different particle types. 

According to one aspect of the present invention, 
there is provided a method of separating a plurality 
of particle ty p$s present in a f luid in wh ich the fluid 
is passed through a plurality of chambers in series, 1 20 
in each chamber there b ihg an ultrasonic standing 
wave that is moved transversely to its wave fronts, 
wh r by said wav fronts ar progressively 
displaced towards a chosen nd region of th 
chamber, the conditions in the respective chambers 1 25 
being controlled to cause a selected type of particle 
in the fluid to become attached to the standing wave 
and be displaced towards said end region of each 
chamber and be concentrated at and/or collected 



55 



60 



from said end region, the successive chambers 
thereby separating the different selected particle 
types in the fluid. ! 

Although we have referred so farto the problem 
of detecting micro-organisms it will be apparent that 
the invention has a rriore general applicability. Thus 
it may be employed as a chromatographic 
technique for separating and/or concentrating 
distinct particle typesfrom a fluid, riot only a bqdy 
fluid such as blood, which contain a dryerse 
population of particulate matter. 3 

In a ny of th e ch a m be rs, the pa rticj es maybe 
concentrated from a static body of fluid filling the * 
chamber or from a fluid flowing through the 
chamber. The concentration of particles at an end 
region of a chamber may be e>dra v ctiW f rom the 
chamber for examination dr use) or inspection 
and/or analysis of the particles can be performed 
while they are retained at'the en^gibnllf desired, 
convergent standing waves, ano70r a plurality of 
non-coaxial, intersectirig ;^anc^ be 
arranged to focus the retained particulate matter 
into a chosen location, thus i a'm^li^iriig' tHe 
concentrating ability of the techriiqi je aricj*; 
enhancing detectionAdentification of the particulate 
matter. Even if a particular pdrticle'type is present 
only in small quantities; after a suffibierit volume of 
fluid has passed through the zone in which the 
standing wave is established ft will be found that the 
concentration of the selected particles will be 
sufficient to enable determination and identification 
to be performed. This can be effected by any 
appropriate conventional technique and does not 
form part of the invention. , ' ! 

According to a furt^ 
there is provided an apparatjiS for separating and a 
plurality of particle ^pes£r£s^ flow, 
comprising a plurality of chambers arranged to 
receive a quantity of fluid in sequence, means for 
establishing in each chamber art ultrasonic standing 00 
wave and for moving said standing wave FTl 
transversely to its wave fronts^ whereby said wav CO 
fronts can be prog ressively displaced towa rds a "*H 
chosen end region of the chamber, means for ^ 
controlling the conditions in the respective < 
chambers to cause selected particle types in th ^ 
fluid to become attached to the standing wave so F- 
thatthe different selected ^Aicie types inthefluid ^> 
cari be concentrated at and/or collected from said CD 
end reg ions of the respective ch ambers. "' '"' f - 

A standing wave pattern results, as ts we li known, HI 
from the su perimposrtion of two prog ressive waves 
outputs, the standing wave occ area of £\ 

overlap of the i^p[prj6gj&sst ve waves whether or ^™ 
hot the axes of propag ation of the outputs are ^ 
coincident. If the two opposing progressive waves 
differ in amplitude the net effect is a standing wav 
upon which is superimposed.a progressive element. 
Jn practice this will almost always arise to some 
degree due to the attenuation of ultrasound in the 
fluid medium. If th two progressive waves differ 
slightly in frequ ncy, the standing wave will move 
towards the sourc emitting the lower frequ ncy. If 
the two opposing waves differ both in frequency 
and in amplitude a combination of these effects will 
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be observed, and by control of the sources each 
... V * effect can be regulated to achieve th desired result. 
A drifting standing wave can therefore be 
r - established by having two opposing sources of 
„ t Z 5 ultrasbundiLe. transducers) operating at fixed 
f ] ' r ; frequencies differing slightly one frorn the other. In 
practice, such an arrangement can. be difficult to 
T (S maintain unless r a!l possible coupling between the 
, : . , ! two sources js eliminated or overridden. If coupling 
i d regains possible, there will be a tendency for the 
two sources to "lock" onto the same frequency; 
|HoweY£r> a r contrbllable drift of the standtng wave . 
['.'*, earn be^.aiplished by progressively altering a phase 
f .diferjepce between the signals fed to the two 
15 opposjng.spurcesof.ultras'o 

. * & pn rciary requirement of the invention is that the 
" standing way established within the fljuid medium 
'[ shoiild exe^ pWo of particles 

. , T r Wt^j$;$hp^ a discernable tendency to 

\20- ^ In this ,„ 

re^pecfifjVe wjili jo>e a relationship between the 
; \ ; pr^y^icai properti^sVihe particles invplved and the 
? Wavelength Knid len^Vgy of the standing wave. A 
major fi^y^lcaf property of the particles that will 
25 detef rane tri is their maximum 

\ ^ ' dimenstori, |}ut.jmany!.Qther factors come into, 

\ cp nsideVatfp n however, a? f o r exa m p le density a nd 
shape. ; *; , ^ t ". t j l ; ■ ,; ' ' " ■ .. " . t . • 

As a means for separating dissimilar particles 
30/;j^resemjnLth€i flOid'medJum. the inve/ition utilises a 
. phenom 
delays A parti^fe 

in a movihig sten^ the nodes 

of the standing wave if the acoustic forpe§ 
35 predominate^ wK^ 

l Z V-T/fdJie ttf Wjoyefn^bt $*$ 9 - trq^ic? and these viscous, 
?> ij ( *i \.i t, : '~ J^p^^ f*p@^ jpjrG'cf o f^iVi 3t 6 it wllj movo^with a mean 
; Ve[oq 

f acoustic forces 1 are almost exactly balanced by the 
? 40 npn-acbu at times 

with the sa^ 

time's wtlj move wi^, a complex oscillating motion 
" V £ * 1 " ^^icH, jripwev , #r, til^ standir*^ wsve does rtot 

jmpart any net rjnptipn to the particle. In practice the 
45 Acoustic energy density of each part of a nodal array 
Will npt be exactly equal, nor may it be possible to 
; have .rion-acou stic forces with a consta nt m ag nitu d e 
j 'in every pa^rt .of M system. For such reasons, when 
" ' ' the.opposVrt^^ pre pearly in balance, a given 
' 50" pa^ 

. , wave but at another moment will not move with the 

i f 1 ' ; 1 ' The* "rtodai dela^ of the time 

7 . ! ^ ^ ^^^y^ rti die is moving with the 
v 55 "wave: given particle type 

to ma* Ss at the [ nodes overrides totally the effect of 
1 ' Jh ■ the opposing fbrpesYnthe fluid 

, delay then experi need by that particle type is unity. 
"' 'If the tendency of a given particle type to remain at 
60 the nodes is overriden totally by the effect of the 
Opposing forces, the nodal delay experienced by 
that particle type can be said to be zero. Nodal 
delays having intermediate values arise only when 
the acoustic and the rion-acoustic forces are nearly 
65 in balance. 



In this explanation, those stations along the axis 
of propagation of the acoustic en rgy which the 
adjacent net acoustic forces act towards are termed 
nodes and those which said acoustic forces act 
70 away from are termed antinbdes, and it is indicated 
that the particles influenced by a standing wave will 
tend to accumulate at the nodes of the wave. It must 
a be said, however, that the detailed theory t 

underlying the observed phenomenon; of standing 
75 waves and their effect of particles in fact is not fully 
understood, but any lack pf theoretical t 
, understanding i has no bearjng on the practical 
application of the invention. parflcular, unless 
~ - stated athervyise, the. term ^odes" is used herein 
■i 80 JTiay thus be considered to include 
antinodes, 

i i ^?ttertp tt} 9 resuitethatcaVbe achieved. 
'Considering 

acting oh a p9r^icle)tha1t is srri3if cor^p ar ^ d to th © 
wayelengtfr of a sta^ no 
! prpgressivp element^ 
they ; urge toe 'partlc^.to th.Q nearest node. Thus in 
the absence of any a T ppiiec(p pppsing force, the 
, ; pa rticie c rhpy^s to the rjpde at a velocity pro pdrtio na I 
90 to the c magpituc|9 1 offhehetacoAJsJicforceon itat 
any in^aht^i.e. t^Ke particle ha 
; / . . acting on ity^i^ 

particle is at a pg^rit halfway between a node and an 
adjacent a ntinpde., ' .' 4 " ' , 
c - B& r Suppose how that tfie^^^ force from 

, . the relative movement of a liquid axially to the 
1 ^ standing wave at a constant velocity, the force being 
Jess than the maximum acoustic force at that 
'inWmediata point 
; 1 06 - particle is no longer coincident with the node but is 
. ^ v "^dis^ dp^wnstf^arhi although it still 

' ° F 1 ,'refnal^ node. If the 

.opposing fpr^e pecprnps larger (the,yejpcity 
* increases)', so that it exceed^ acoustic 
1 05 v fdrce, the particle is sw^pt through the standing 
' wave, accelerating as it nears a node and slowing 
after Jt has passed the node; wfth the result that the 
^ particle mean velocity is the sgrne as if no standing 
11 wave were^ ^ present. ]Thus, a particle is either held on 
A 1 Q ( a node 6 r IttrayelfTaf a mean velocity which is 
:A subktantialiy identical with tbe velocity of the fluid. 
If tWd different pahiples are considered having 
differehi acoustic respphses, under the influence of 
the opposing non-acoustic forcethey will move to 
115 different positjons pf cjisplacernent from a node 
while they are held. by ^ standing wave-; As the 
opposing force is increased, so one particle will be 
released while the other remains held, so that a 
relative axiai.mpyerrient can be imposed betwe n 
120 particles of two differeifit fyjptes. . 

Many alternative fprrh$ ( of hon-acoustic force can 
be used. For examplfel th " /effect of the standing 
wave cari be opposed by gravity or ah enhanced 
gravitational field. In the case of gravity, separation 
1 25 is not dependent on size but on the other acoustic 
properties of the particles. As further examples 
other field forces such as electrostatic or 
electromagn tic forces may be appropriate. 
Using an axial opposing force such as th viscous 
1 30 drag of a liquid, in one extreme condition the 
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position of the standing wave is fixed (i.e. the array 
of nodes forming the standing wave is at least 
substantially motionless relative to the sources 
generating the standing wave) and the carrier liquid 
5 flows through the standing wave. In this condition 70 
the nodes of the standing wave can be likened to a 
series of filters or grids holding particles of a 
selected type through which the liquid passes with 
any particles that are less strongly influenced by the 

10 aco ustic forces. At the alternative extreme, with th e 75 
liquid stationary and the standing wave caused to 
drift along its axis, the nodes of the standing wave 

' ■' can b6 likened to a cx)mb Ui at is passed through the 
fluid medium carrying witri rt those particles which 

1 5 are held est the riodesl : jit wiilbe understood that by 80 
combination of the movements of both the fluid and 
the sta h d i ny wa ve, r as wel l as by control I ing the 
standing wave intensity a nd/6r frequency, it is 
readily pcssibie to achieve an extremely wide 

20 deg reo of ccritrol . Between these extremes a re Q 5 

systems in which both me fiuid and standing wave 
' move.*. .. ' : ' "• ' ! ' : ' 

. From the above discussion, it might be implied vi 
that the non-acoustio r for^s act in a direction ^ 
25 paral lei to the axis of a standing wave bui this is not 90 
* the only form of force field Which may be ; ; 
concerned. The present invention also comprises 
arrangements in which tfieife is a component of fluid 
i ; i flow normal to the axis of the standing wave, in an 
30 extreme case the fluid flow being substantially at 95 
right angles to the standing 'wave axis. It is therefore 
necessary to consider also the effect of forces acting 
^ normal to the axis of the standing Wave. r 
A particle influenced by the standing wave will not 
35 only move towards a node but r because the acoustic P ip0 
energy density in the nodal pl&fih Will generaiiy not 
; ■ -be untform^itWiii m6vep^i\eH6^e^ime in the '> 
i t di recttoVt increasing energy ' derisityvThe energy 

den sity g radient in the pi ane of the node is very 
40 much smaller than the gradient axialiy of the v 105 
standing wave, especially at the ultrasonic f J J > .i 
frequencies used in the present invention. It can 
thus be displaced pa rai lei to the nodal pi arte by a . v 
'much smaller hbn-abbiistic force; so st iseijsierto ; r 
- '45 detach the particle trart^ersely from a standing 1 10 
: waverby a liquid flow normal to the axis of the wave 
' than to detach it axialiy. The work done to remove 
the particle parallel to the nodal plane is the same as 
moving it axial ly from a node halfway toan adjacent 
50 a ntin ode however, because the displacement 115 
required parallel to the nodal plane is much greater 
"than the displacement transverse thereto. 

Under practical conditions, the velocity with 
which a particle moves in the plane of a node is not 
55 always the same as the liquid flow velocity in this 1 20 
direction; the particle will accelerate as it moves up * 
an acoustic energy density gradient and will slow in 
a decreasing gradient As described with axial 
- movern nt, how ver, the average velocity is that of 
60 the velocity of the carri r fluid in the plane of the . 125 
node, unless the particle is held by the node at some 
local high acoustic energy density region from 
which the Stokes forces cannot dislodge it for a 
time. Finite nodal delays therefore can operate in 
65 directions both along and transverse to the axis of 1 30 



the standing wave but in general have no practical 
effect if a two part separation is being performed 
within an enci sed chamber. ;1 

In the analysis of blood using the process of the 
present invention, by timing the frequency and/or 
amplitude of the standing wave it is possible to 
retain, for example, a relevant group of bloc* 4 
particulates without significantly impeding the 
passage of micro-organisms, or, at higher" 
frequencies, to retain a relevant micro-brganism, 
without significantly impeding the passage of other 
particulate material in the fluid. Therefore, a 
preliminary separation,. e.g. of red blood bells, in a 
first chamber can facilitate the subsequent 
concentration of the micro-organism frdhY the' 
residual body fluid. The preliminary separation can 
be effected using a standing Wave according to the 
invention, tuned to a frequency and amplitude 
appropriate to entrap the larger particulate matter in 
that chamber but to permit easier passage of the 
micro-organism and the smaller body fluid particles 
for separation of the microorganism in a 1 
succeeding chamber. / jr 

- The invention can be applied to any body fluid, 
such as blood, lymph, cerebrospinal fluid, amniotic 
fluid and urine. The particulate matter that can be 
selectively concentrated by means of the invention 
can be any such matter encountered in body fluids, 
e.g. red blood corpuscles; white corpuscies, 
platelets, protozoa, bacteria and viruses, as Well as 
other biological particles. Mpre generally, it has a 
. still wider application embracing both organic and 
non-organic particulate material in all kinds of fluid 
» media. . v ' - >^ ■' ; v-.. ^ 

The upper size limstfor manip^!c t tion of. particles 
by the ^method of the invention; as £e*ermi ned by th e 
internodal distance !n the standing wave. Acoustic 
forces on the particles essentially cease to be 
; effeictive when the particle is so large that it spans 
the distance between a node and-the adjacent 
antinode. In water at NTP, with directly opposed 
ultrasonic sources at 100kHz,th;s dSsttanoe is about 
3.5mm. , -r • •• , i. / 

The lower limit to size is more difficult to specify 
because of the number of factors involved and 
requires to be determined experimentally in any 
particular case. It appears that one factor is the size 
of particles relative to the internocla! distance, 
because the efficiency of separation falls as the 
difference between these ! dimensions increases. 

For the types of particles exemplified above, the 
optim urn f req uency needed to establish an 
appropriate standingyya^ein Lwatiej.wiji.be in the 
range 100kHz to ashigr^as^ usually 
1 00M Hz. I n the u pper end of this r;a nge, it is . 
necessary to consider the reduction of intensity of 
. the ultrasonic radiation with distance from the 
s urce: such attenuation means that the two 
progressive, wav s cannot be identical in amplitude 
xcept in a very small region and in practice the 
standing wave will includ a minor progressive 
component. The. use of liquid, .g. water, as a carrier 
medium enables such fr quencies to be employed 
without undue attenuation and a useful operating 
zone extends to both sides of the position of energy 
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balance; for example, at 1 MHz the intensity of a 
propagated wave is halved only after travelling 13.8 
metres and at 5K/IHz the corresponding figure is 0.55 
metres. For many practical purposes it is only 
necessary to establish the standing wave over much 
smaller distances. Using the example of directly 
ppposed sources operating in water, at 100MHz, the 
^istanc^ betweeh a nodeand an adjacent antinode 
is about 4jrhicrons, but this should still allow large 
macrqmblecules with molecular weight in the 
" regipri of 10® Daltbns (equivalent to a sphere of 
about 303305 microns diameter) to be separated. The . 
wprkipg distance will of course be small due to the 
attenuation at that frequency, but an axial length of 
1 i rnm ; (1 33 nodes) may be available. 

Ifra carrier liquid is to be added to the material 
being treated, the use of water has anradvantage in 
that rt js-a i benign medium for biological particles 
[generally. In addition, jn some instances it is an 
advantage to be able to choose a mediurn with'a 
density nptwidely different from those of 
particulate, materials required to be separated, so 
that gravitational effects can be minimised and 
sensitivity tp the differences between particle types 
is improved. At higher frequenciesithere are also the. 
advantages of a reduction of beam spread and the 
, ability to, use higher powerswithout risk of 
cavitation. It has been found, moreover, that the 
.efficiency of association of partictes with nodes 
increases wjth frequency, r 

While in most cases Water is the most appropriate 
l medium it may be advantageous to increase the 
liquid density by the addition of sbliites'such as 
sucrose, or to control osmotic effects, brtb increase^ 
viscosity by:the'additibh^6f suitable macromolecular ; 
materials. Polar liquids having a lowelr density than 
water, such asimethyl dteohol, may houseful carrier ' 
liquidsforsome particulate materials, while for the * 
analysis, of isubstarices sensitive^ tb polar liquids, 
. such as cereal flours, or for water-sensitive powders 
tsgcttas caments, norw-polar liquids such as kerosene 
: would be chdseri. In bther cases it may be [ 
advantageous to use oils having a higher Viscosity 
? arid'lower density than water. It will be understood 
that the different characteristics of such diverse > 
liquids will be a factor in determining the " 
:. frequertdes of the ultrasonic sources employed. 
J ■*"*' Itshouid also be understood that the invention 
rhay db embodied in the applications in which the 
earner liquid has a higherdensity than the 
Articulate a high density mobile 

liquid suclvas lirbmofbrnri may be suitable to some 
1 partfculSr' c^ses^ it will be 

- appreciated that the method of the prese nt . ; 
irwentioh'can be operated at temperatiires both 
considerably higher and lower thaii room 
t mperatur , and the static pr ssure may also be 
controlled, so that substances normally solid or 
gaseous at normal temperatures and pressures can 
also be considered as carrier liquids. In the case of 
inorganic particles, it may be preferred to use liquid 
carriers other than water, e.g. for density ; 
considerations or in order to ensure that the 
particulate material is dispersed. 



65 By way of example, an apparatus according to the 
invention will be described with reference to th 
accompanying schematic drawings in which: 

Fig. 1 illustrates in section an apparatus according 
to the invention, 

,70 Figs. 2 illustrates in section a further apparatus 
according to the invention, and 
.v. Fig. 3 \s a sectional view in the plane A— A in Fig. 

■ • . ■ "-, • 

( The apparatus of Fig. 1, intended for blood 
75 .analysis, comprises two particlertrapping units 101 
\ 'and 102 cortnected iaseries. ; The ! iFirst unit 101 
: pomprises ; a chamber in the, form of ajiprizontai 
* cylindrical column loa.closed at both ends 104, 105. 
An inlet 106 leads intocolumn 103 adjacent the end 
80 104 and an outlet 107 ciqsable by means of valve 
' ' ' ' . 1 08 leads from column, 1 03 adjacent to the opposite 
end 105. Approximately two-thirds of the way along 
column 1 103f roro end 1 04 a further outlet 1 09 
■. closable by- means pf valve 1 10 leads to the second 
86 particlertrapping unit 102. A matched pair of 
" " ultrasonic transducers 111 and 112 are mounted at 
the ends 1 04 and. 1 qb respectively of column 1 03 
such that, a standing wave can be generated along 
the cylindricai axis pf the column, the transducers 
90 111 and 112 fceingconnepted via transmitting 
; . .mearjs J 13 : and 1 ^respectively, to ultrasonic 
. generators (not shown)- Thacnbdes of the standing 
wave established withiricthe.Gplumn 103 will extend 
perpendicular to thesis of the/cplumn. 
95 r Transducers 1 1 1 and 11 2 extend oyer the entire bor 
of the column 103. Flui4 flowing through the column 
fromjnlet 1Q6to pijtlet.109 thus.passes through the 
, ; , standing wave. -- *■ .. £ ' t 

. ' ... ^-Tliesecond particlertrapping unit 102 com prises a 
1 00 » slmifaR Jong jiprizpntal cylindrical chamber or 
t ; f * V: p (i ^oju'nrii^ f,! ^plp^ed attire bptfr.^nds. 116 and 1 17. 
. , 1 1 . r Oufiet condup 10^ f rprfvthefirst column 1 03 enters 
u , column 1 15 adjacent to the endl 16. An outlet 118, 
closable by means of valv? 119, emerges from the 
1 05 column 1 15 at a position approximately two-thirds 
of trjaway along from the.end 1 16, An ultrasonic 
.. windpw 1£0 is mounted within the column 115 
.. t ' between the^utiet 118 and theend 117, completely 
7 t closing the bore of ;the column 1 1 5 and sealing off a 
11 0 short length 121 of the column adjacent the extreme 
, end 1 17. This sealed portion 1 21 of the column 115 
contains water, or a material transparent to 
ultrasound and having the same acoustic properties 
as water. The t wall of the unsealed pprtion of the 
1 1 5 column 1.J.5 immediately adjacent to the.ultrasonic 
window 120 is pierced by a pair of observation 
windows 122 and 123 made frprp glass or simitar 
light-transmitting, material. Observation windows 
122 and 123 provide means for enabling particulate 
1 20 material accumulated against the ultrasonic window 
to be observed through a magnifying optical system 
124, when suitably illuminated. The illumination 
, . system illustrated comprises a simple light source 
. 125 and a focusing lens 126, but alternative 
1 25 illumination means can be used. 

A matched pair of ultrasonic transducers 1 27 and 
128 are mounted at the ends 116 und 117 
r spectively of the vessel 115. The transducers are 
connected via transmitting means 129 and 130 
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respectively to ultrasonic signal generators (not 
shown) and are mounted such that an ultras nfc 
standing wave can be> established between them 
extending along the entire cylindrical axis of the 
column extending through the ultrasonic window 70 
120. Each transducer 127 and 128 extends over the 
entire transverse area of the colurhri and hencefluid 
flowing through the column from inlet conduit 1 09 
to outlet 1 18 passes through the standing wave. 

As depicted, the apparatus can be operated in 75 
either a batchwise or continuous in an nef. A blood 
sam Pler^ suitable carrier 

fluid, su^ 

to the cojuhrih 103 via iriJt^ 106. A continuous flow 
tn rf>Mgh jHe entire apparatus can be maintamed by 80 
rnsans. oif a 0umptiipt shbwn), of a sample of blood 
can be f efcl into the oolum h lifcs after which valves 
1<^ aj^d m the 
^fPpfe m^s^tatic station VyitHin the 
Transducers 1 1 l and 112 are activated and a 85 
standing wave established'betWeten them. The 
frequency and/or amplitude of this standing wave 
should be such that larger particulate matter within 
the blood s^mple,,e.g/'r€td blppc! corpuscles, will be s ' 
restrained at the node's of the standing wave but ,<)0 
smaller particles, such' as microorganisms K 
present in the bipod sahSple^ remain unaffected 1 r 
by the standi n g wave, By~prqg ressiy e changes.of its 
phase the effective frequency of the signal fed to 
transducer 1 \1 is slighjtry higher than that fed to 95 
transducer 112 the nodes of the standing wave can 

be made to move slowly towards the end 105 of the , ' 
col u mn 1 03. This m ovement wil I prog ressi vely ca rry 
alj I -of the entrained larger blood particles towards 
35 the right hand end 105 and thus freyorK( outlet pipe 1 00 

- ^P^!^*^ f " ? i?}^ ?^ ^ P^R^ t h(R larger , ' 
particles in the blood sampled at ' ' J 

rv . the extreme right hand end of the column 103 ir 
; ; , ' adjacent outlet pipe 1 07. ThWbuik of the blood 

saniple within the column will therefore have been ! 1 05 
cleared of these larger particles, and will comprise 
s ' m P|y fluid material and smaller particulate matter V / 
in the sample. THis t blood fraction devoid of larger ' ^ \, 
particulate matter can be transferred via conduit 109 1 V 
into the cofunin 1 1S5 fdr further analysis. Preferably, 110 
this transmission between columns 103 and 105 is 
conducted while the moving standing wave in 
column 103 is maintained thus avoiding 
contamination with the larger particulate matter as 
the cleared fraction is drawn from the column 103. 1 1 5 
The accumulated larger particulate matter can 
thereafter be drained from the column 103 by 
opening valve 108. If the process is being operated 
in a continuous manner the accumulated matter can 
be flushed out by a flow through a further inlet (not 120 
shown) opposite the outlet 107. 

When the clear d blood fraction has been 
transferred to the column 115, transducers 127 and 
128 can be activated and an ultrasonic standing 
wave established between them. The frequency 1 25 
and/or amplitude of this second standing wave 
should b such that the smaller particulate matter 
, remaining in the blood sampl will be held at the 
nodes of the standing wav . At this stage of th 
process, the tuning of the standing wave can be 1 30 
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sufficiently critical that only one specific type of * 
small particulate matter, e.g. a particular "species or 
type of micro-organism, will be significantly 
affected by the standing wave. By arranging that the 
effective frequency of the signal fed to transducer 
127 is marginally higher than that of the signal fed to 
transducer 128, the standing wave can be madeto 
move slowly towards this end 117of the column 115. 
This movement will carry the entrained particulat 
matter with it towards that end of the coIumh. The 
moving wave will pass through ujtrasohic window 
120,_but the entrained parti^l^e rhatter Will 
accumulate against the window as long as the 
standing wave is maintained. With in a sriort space 
of time all of the particulate ^ matter th^t, is 
significantly affected by the second standing wave 
wHJ haye been cleared from the bulk of the residual 
bipod sample and will have collected fnthe 
im mediate vicinity of the ultrasonic window 120. 
The presence pf this accurnujate matter 
can be detectedfpr example by suitable visible or 
ultrayfolet illumination f rom J^ght source 125. 

By using \h\s method, minute popijlatipns of 
small particulate materials/ suqh as jmiqrb-" 
organisms in a blood sampieV can be detected. The 
accumulation of the partic matter in the vicinity 
of the ultrasonic window will provide a local 
concentration so considerably facilitating detection. 
Larger pa rticulate matter in W original blood 
sample that might otherwise Have masked the 
} presence of tr)e smaller particulate matter, will 
already have been removed from the sample in th 
earlier separation procedure conducted fri column 
103. The method provides a more rapid analysis of 
blood or other body fluids apd one which is much 
less costly in terms of energy and equipment than 
conventional techniques relying, for example, on 
the use of centrifuges. 

, In the further example of Rg. 2, the apparatus . 
again comprises two partfcle trapping units 201, 202 
connected in series. These unitiare of identical 
construction, and each comprises a rectangular 
chamber 203, 204 of identical form, with a base 205 
and a top wall 206 able to transmit ultrasound from 
respective pairs of opposedbariurn titanate 
transducers 207, 208 and 20?, 210 attached to them 
by means providing an efficient coupling for the 
ultrasound. Preferably the base and top wall of each 
chamber are also efficient h^ticonductors; they 
may be made, for example, from aluminium. Th 
first chamber has large cross-section inlet and outlet 
ports 21 1; 212 disposed in opposite end walls 213 
immediately adjacenttii^base 205.Theport212 
also serves as an inlet port to the second chamber 
which also has an outlet port 21 3. At the top of each 
chamber, manifolds 214 (Fig. 3) extending slightly 
below the level of the top wall have rows of small 
inlet and outlet ports 215, 21 6 opening into th m, 
whereby a fluid flow can be directed across the 
entire width of the top .wall 206.rThe porting 215, 216 
thus allows collected particulat matter to be 
removed fr m each chamber by a flushing flow 
across the top wall 206 from one set of ports to the 
other. It is, of course, possible to arrange f r 
examination of the material collected in the top of 
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each chamber in situ f as is also done in the first 

r ' example. 

, In i operation, the pair of transducers of each unit 
are powered to produce a standing wave in each 
5 j^amber with nodes extending parallel to the base 
and top wall 205, 206 arid moving upwardly towards 
: the to£ wall at a stow rate, across a flow of liquid 
through t^ 

!; 212 :br 213V Particles that become attached to the 
TO nodes of the standing wave are thus carried 

r ^wards to the top wall where they can be inspected 
! while held ih fhechamber or be collected from the 
' %hamper\ As in the preceding example, the 
' ■* 'frequency and amplitude of the standing t wave will 
15* be sb adjusted for each chamber that different 

selected particle types can be collected from the 
' '■■ 'flufaTn th^ ln ,?he blood 

analysis prpcess described in that first example, 

■ therefore/the red Wood corpuscles and other larger , 
' 20* particles will i concentrated in the chamber 203 

< ■/ wftflSthe microorganism soughtwill be 
concentrated in the chamber 204 if present. 

l \n order to ensure thatthe main liquid flow 
vihtrbdUced 'at the bottom of each i chamber does not' 
^5 diffuse upwards and so carry particles not 

■ infifuehcecl by the acoustic energy Up towards the 
top waif, It may be required to adopt measures that 

: prevent such diffusiori of the liquid into the upper 
part of the ; chamber. This ban be achieved by 
30 establishing a small density gradient in which 
carrier liquid entering through the inlet to the * 
chamber lis denser than the liquid in the upper 
region of the charhber,'so tKat a stratified liquid flow 
x is obtained. f ! ■ / ' . 
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Thus, me^ns may be provided to coofthe bottom _ 
? : i = w ^ff of a chamber and warm 1 the top wall 1 whereby 
' '■'{ "liquid within the chamber is cooled from below and . 
( v warmed from above to generate a/density gradient. 
The flushing flow between the'ports ?15, : 216 is 
40 provide'd by^a warmed liquid and the 1 existence of 
^ the density gradient ensures that it will not flow 
' f 'dbwnwardstb^ liquid flow in the 

: foWef region of the charrfber. The density gradient ; ; 
• also assists in controlling the? low of liquid between, . 
■45 the main TriVet and outlet ports, thfeflow being kppi ; 
■* sufficiently cbbl to prevent it drifting into the * v '\\ 
- warrnetf afrid therefore less dense liquid contained iii 

' the charhber above the level of the ports. 
' It IS also possible to operate the apparatus 
v 50 1 iSbthermally and detain the right density gradient by 
' r ternpldyirig afiqurdinthe 

■ ^aTndforfheflusfifnrfflbwth^ 

r ;! ^ thah^e^carHer fiquitf from which the particles are to 
' v " ] ^be ^ep^rate^/Fc^ example, if the carrier liquid is 
' 55 r water> above it ancFfor f the flushing flow there can be 
V 1 T used water which Has Had a small addition of ethyl 

■ '> lelcbhol; ' (/ '' : ■.<• .■"■ :■' ; 

v. 'It'^will he appreciated that flushing of collected 
r " '' particles can be performed continuously or at 
60 intervals. The main liquid flow may be' maintained 
for continuous operation of the separation process/ 
but alternatively batch pr&cessing can be performed 
with the main liquid flow continuous or 
discontinuous, and indeed the fluid can be simply 
65 held in a chamber while the separation process is 



carried out. Although both examples showtwo- 
chamb r apparatus, it will be understood that 
further chambers can be connected in series If a 
larger number of particle types ar to b collected, 
and also that mixed combinations can be used with 
one or more chambers, having the standing wave ■ 
and fluid flow substantially coaxial, as in Fig. 1 and 
one or more other chambers having the flow" 
transversely to the standing wave axis, as in Fig. 2. 

Tne present invention alsa includes method of 
and apparatus for separatiori in a single chamber, 
" such as one of the.chambers illustrated in Figs. 2 
' and 3, inwftich a fluid flow is directed ; across an end 
region of trie chamber and is substantially confined 
to said regibn, while separated particles are 
, influenced by the standing wave to be moved away 
[ from said regibn to an opposite endregion of the 
chamber, wHetfoVfejr concentration there or for 
r^mcVal by^a cross flow irfa direction transverse to 
85 said fluid flbw iri tHd dire of the 



1 . A rriethocTpf s^^ of particle 

tVf>es fcrestent in a ; fjuld ih whi<sh the fluid is passed 
throulgh a plurality of chambers in series/in each 
chamber therk ^ing art standing wave 

thafis moved tr^ 

whereby said wave fronts ar£ prd^ressively 
displaced towards a'chosen end region of the 
chamber, the conditions in tne respective chambers 
being controlled to cause a selected type of particle 
. In the fluid to becoirne attached to the standing wave 
1 and be displacedHpwards said end region of each 
chamber and be concentrated at and/or collected 
rom : &a f tH ehij jr^fqh", tfce Successive chambers 
- i^ereb^blS^firl& the dfffer|nt ^sefectied particle 

'ypei ^ tfiefjUkS:;- ;. : ;°: > ; c • 1 

'. 2. A rhe^pd> r ccording to clairrii wherein in at 
least one of the ^chambers the seledted particles are 
inspected and/dr a naVsed whjle' r^tain^ii in said end 
region of the charnber by the ^tapdirig wave therein. 

^ . 3,^ method according to claiml, or claim 2 
, wLherein ti^e density of grouping of the selected 
particles is increased in said, end region by the use 
qfa plurality of non-coaxial standing waves and/or a 
convergent standing wave. 

4. A method Recording to any one of the 
preceding claims wherein different ultrasonic wave 
systems are maintained in the respective^ chambers. 

5. A method according to any one of the 
preceding claims wherein a first of the chambers is 
employed to concentrate particultate'matter of a size 
substantially greater than the particle size in the or 
each succeeding chamber. 1 > 

6. A method according to any one of the 
preceding claims wherein fluid from the or each 
preceding chamber to a succeeding chamber, and a 
fluid outlet from the final chamb r,istak nfroma, — 
position spaced from said end region of th 
preceding chamb r. 

. 7. A method according to any on of th 
preceding claims wherein at least one of the 
chambers has the standing wave established within 
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it with the axis of the wave extending in the 
direction of a maximum dimension of the chamber. 

8. A method according to any one of claims 1 to 6 
whereinthe fluid flows through at least one of the 

5 chambers transversely to the standing wave. 

9. A method according to claim 8 wherein the 
standing wave displaces the particles attached to it 
away from a direct path for said fluid flow between 
an inlet and outlet of said chamber. 

10 10. A method according to claim 9 wherein 

different temperature regimes are established in 
said direct path and sa»d end region whereby to 
inhibit diffusion of the fluid of said flow towards said 
end region. w 

15 11. A method according to anyone of the 
preceding claims wherein selected particles in a 
body fluid are separated. 

12. A method according to any one of the 
preceding claims for analysis of blood or urine. 

20 13. Apparatus for separating a plurality of particle 
types present in a fluid flow, comprising a plurality 
of chambers arranged to receive a quantity of fluid 
in sequence, means for establishing in each t 
chamber 'ah ultrasonic standing wave and for 

25 moving said standing wave transversely to its wave 
fronts, whereby said wave fronts can be 
progressively displaced towards a chosen end ' 
region of the chamber, mesns for controlling the 

conditions in the respective chambers to cause 
30 selected particle types in the fluid to become 

attached to the standing wave so that the different 
selected particle types in the f iuid can be 
concentrated at and/or collected from said end 
regions of the respective chambers. 
35 1 4. Apparatus according to claim 13 comprising 
outlet means in said end region of at least one of die 
chambers for collecting the concentrated particle^ 
therefrom. 

1 5. Apparatus according to claim 13 or claim 14 ; 
40 comprising means for inspecting and/or analysing 
the particles in said end region of at least one of the 
chambers, 



16. Apparatus according to any one of claims 13 to 

15 wherein generating means for said ultrasonic 
45 standing wave are arranged to operate at a 

frequency of at least 500kHz. 

17. Apparatus according to any one of claims 13 to 

16 comprising respective ultrasonic generating 
„ means * or establ » sr " n 9 different standing wave 
50 systems in the respective chambers. 

18. Apparatus according to any one of claims 13 to 

17 having means for producing non-coaxial 
standing waves arid/or a convergent standing wave 
in at least one said end region for further 

55 concentration of the soiected particles. 

19. Apparatus according to any one of claims 13 to 

18 wherein each chamber has an outlet for the fluid 
spaced from said end region of the chamber. 

_ 20. Apparatus according to any one of claims 1 3 to 
60 19 wherein at least one of the chambers is elongate 

in the direction of propagation of the standing wav 

within it 

21 . Apparatus according to any one of claims 13 to 

19 whereinsaid means for establishing a standing 
65 wave in at least one chamber are arrangedto 

establish the wave with its axis transverse to a fluid 
flow direction defined by inlet and outlet ports at 
opposite sides of the chamber. 

22. Apparatus according to claim 21 wherein said 
70 ports are in an end region of the chamber remote 

from said end region in Which the selected particle 
type is collected. 

23. Apparatus according to claim 22 comprising 
means for maintaining a temperature difference 

75 between said end regions of said chamber to inhibit 
mixing of a fluid flow between said ports with the 
concentrated particles. 

24. A methof of separating a plurality of particle 
types substantially as described herein. 

80 25. Apparatus for separating a plurality of particle 
types constructed and arranged for use and 
operation substantially as described herein with 

reference to the accompanying drawings. 




